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In each grid cell:	



Resolved processes:	



★ conserve momentum 
(F=m·a)	



★ conserve mass & energy
(radiation, latent, etc...)	



★ account for changes in 
composition	



“Force” with solar radiation, structure of continents, land use and ���
atmospheric composition (CO2, O3, aerosols, volcanoes, etc.)	



Global climate model: Mathematical representation of processes controlling 
ocean, atmosphere, land and ice system (and interactions)	



Parameterized processes:	



★ spatial/temporal 
resolution or 
understanding limit 
explicit solution.	



★ e.g., clouds, convection, 
etc.	



★ key to much of 
uncertainty	





Coupled Model Intercomparison Project #5 (CMIP5)	



•  Coordinated GCM experiments to address key issues in climate science:	



Paleoclimate, response to CO2, aerosols, volcanoes, high-resolution, decadal 
predictability, earth-system modeling, geoengineering…	



•  Around 20 centers worldwide (including GFDL) 	



•  Entering the “analysis” phase: centers have made data publicly available	



•  Follows on to CMIP3 (mid-2000s), CMIP2 (late 1990s) and CMIP (early 1990s).	



•  Some results will be assessed in IPCC-AR5	
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The selected set of models are those capable of satisfying the data requirements and the modeling 
teams have substantial experience relevant to developing the required data sets;

updated IPCC AR4 parameterization;
Among the modeling teams represented in Table 2 who are willing to participate, the MESSAGE 
and IMAGE models can produce scenarios on the high and low end (RCP3-PD and RCP8.5). The 
IMAGE model was selected for the low pathway, due to the larger number of low stabilization 
scenarios available from the model. The MESSAGE model was selected for the high scenario, 
since it can provide an updated and revised A2-like scenario, which would allow comparisons 
with earlier climate assessments and thus continuity from the perspective of the CM community. 
This scenario includes features requested by the IAV community, namely a high magnitude of 
climate change and factors related to higher vulnerability (e.g., higher population growth and 
lower levels of economic development);
Both the AIM and the MiniCAM models could provide the required data for the intermediate 
levels. The MiniCAM model was chosen for RCP4.5, while AIM was chosen for RCP6.
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Figure 5. Radiative forcing compared to pre-industrial (left panel) and energy and industry CO2 emissions (right panel) 
for the RCP candidates (colored lines), and for the maximum and minimum (dashed lines) and 10th to 90th percentile  

and should not be considered probabilities. Blue shaded area indicates mitigation scenarios; gray shaded area indicates 
baseline scenarios.14

14  Note that it was not possible to clearly distinguish between energy/industry and land-use emissions for all scenarios in the 
literature. Therefore, the CO2 emissions ranges in Figure 5 (denoted by the blue and gray shaded areas in the left panel)  
include scenarios with both energy/industry and land-use CO2 emissions.

IPCC Expert Meeting Report: Towards New Scenarios - Technical Summary

Taylor et al. (2012)	





CM2.0,CM2.1 – state of the art physical 
climate models (1o ocn; 2o atm) 

CM3 (Primary Physical Model) 
•  Aerosols, indirect effect 

•  Stratosphere 
•  Convection, Land Model 
•  Atmospheric Chemistry 

 

ESM2M,ESM2G 
•  Carbon cycle  

•  Vegetation feedback 
•  Ocean formulation 

HIRAM 
•  High spatial resolution (atm only) 

•  Time-slice experiments 
•  Climate extremes 

CM2.5 
•  High spatial resolution (coupled) 

•  Energetic ocean 
•  Variability and change in coupled 

system at high resolution 

CM4 ?? - drawing on what is learned 
from these various streams 

CMIP5 
(IPCC AR5) 

Models 

CMIP3 (IPCC AR4) 
Models	

Circa 2005 

Circa 2010 



Multiple models, scenarios and ensembles: ���
to address key uncertainty sources in projections	



Sources of uncertainty (after Hawkins and Sutton 2009, 2011)	


•  Variability: independent of radiative forcing changes	


•  Response: “how will climate respond to changing GHGs & 

Aerosols?”	


•  Forcing: “how will GHGs & Aerosols change in the future?”	



Global Surface Temp	

 SE Asia JJA Precip	



that tropical Africa has especially large decadal variability
relative to the mean precipitation.

By direct comparison with HS09, it is clear that both

internal variability and model uncertainty are more
important for precipitation changes than for temperature

changes (as also found by Räisänen 2001).

4 Signal-to-noise in precipitation projections

The signal-to-noise ratio (S/N) is often used to measure the

robustness of a prediction. We now consider the S/N of

these precipitation projections on regional scales,

S/N ¼ Dprecip

rprecip
; ð1Þ

where Dprecip is the change in decadal means of seasonal

precipitation, relative to 1971–2000, and rprecip is the total
standard deviation of the projections. To assess the sig-

nificance of the S/N, we consider the null hypothesis that

the signal is zero. This null hypothesis can be rejected in

favour of the hypothesis that the signal is non-zero at
around the 8% significance level for a S/N of 2, using a

t test.
Maps of S/N are shown in Fig. 6a for boreal winter

(DJF, top row) and summer (JJA, bottom row), for dif-

ferent lead times in the twenty-first century. The highest

S/N is found in the polar regions where precipitation is
projected to increase, and model uncertainty is relatively

small. Away from the poles, there are few regions where

the magnitude of S/N is above 1, even at the end of the
century. Also, there are many areas where the magnitude of

the S/N is less than 0.25, though this is often where the

signal of precipitation changes is small.
For more populated areas, the Mediterranean is high-

lighted as having a relatively high S/N, for decreasing

precipitation, especially in JJA. Central America also
shows a relatively high S/N for decreasing precipitation in

both JJA and DJF. North-eastern Europe, North Asia and

Eastern Africa in DJF also show a relatively high S/N.
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Fig. 4 Fraction of total variance in decadal mean precipitation projections explained by internal variability (orange), model uncertainty (blue)
and scenario uncertainty (green), for a global, annual mean, b Sahel JJA mean, c European DJF mean, and d South East Asian JJA mean
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that tropical Africa has especially large decadal variability
relative to the mean precipitation.

By direct comparison with HS09, it is clear that both

internal variability and model uncertainty are more
important for precipitation changes than for temperature

changes (as also found by Räisänen 2001).

4 Signal-to-noise in precipitation projections

The signal-to-noise ratio (S/N) is often used to measure the

robustness of a prediction. We now consider the S/N of

these precipitation projections on regional scales,

S/N ¼ Dprecip

rprecip
; ð1Þ

where Dprecip is the change in decadal means of seasonal

precipitation, relative to 1971–2000, and rprecip is the total
standard deviation of the projections. To assess the sig-

nificance of the S/N, we consider the null hypothesis that

the signal is zero. This null hypothesis can be rejected in

favour of the hypothesis that the signal is non-zero at
around the 8% significance level for a S/N of 2, using a

t test.
Maps of S/N are shown in Fig. 6a for boreal winter

(DJF, top row) and summer (JJA, bottom row), for dif-

ferent lead times in the twenty-first century. The highest

S/N is found in the polar regions where precipitation is
projected to increase, and model uncertainty is relatively

small. Away from the poles, there are few regions where

the magnitude of S/N is above 1, even at the end of the
century. Also, there are many areas where the magnitude of

the S/N is less than 0.25, though this is often where the

signal of precipitation changes is small.
For more populated areas, the Mediterranean is high-

lighted as having a relatively high S/N, for decreasing

precipitation, especially in JJA. Central America also
shows a relatively high S/N for decreasing precipitation in

both JJA and DJF. North-eastern Europe, North Asia and

Eastern Africa in DJF also show a relatively high S/N.

(a) (b)

0 20 40 60 80 100
0

10

20

30

40

50

60

70

80

90

100

Lead time  [years from 2000]

F
ra

ct
io

n 
of

 to
ta

l v
ar

ia
nc

e 
 [%

]

Uncertainty in Global, ANN decadal mean precipitation

0 20 40 60 80 100
0

10

20

30

40

50

60

70

80

90

100

Lead time  [years from 2000]

F
ra

ct
io

n 
of

 to
ta

l v
ar

ia
nc

e 
 [%

]

Uncertainty in Sahel, JJA decadal mean precipitation

(c) (d)

0 20 40 60 80 100
0

10

20

30

40

50

60

70

80

90

100

Lead time  [years from 2000]

F
ra

ct
io

n 
of

 to
ta

l v
ar

ia
nc

e 
 [%

]

Uncertainty in Europe, DJF decadal mean precipitation

0 20 40 60 80 100
0

10

20

30

40

50

60

70

80

90

100

Lead time  [years from 2000]
F

ra
ct

io
n 

of
 to

ta
l v

ar
ia

nc
e 

 [%
]

Uncertainty in South East Asia, JJA decadal mean precipitation

Fig. 4 Fraction of total variance in decadal mean precipitation projections explained by internal variability (orange), model uncertainty (blue)
and scenario uncertainty (green), for a global, annual mean, b Sahel JJA mean, c European DJF mean, and d South East Asian JJA mean
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Precipitation and CO2 in CMIP5	





Global-mean response of precipitation and humidity���
has not changed in recent models	



Increase like ���
Claussius-Clapeyron	



Increase controlled by 
radiative cooling	



Held and Soden (2006), Vecchi et al. (2012, in prep.)	





CO2 Dominated CMIP3 Multi-model Precipitation Projections	



Vecchi et al. (2012, in prep.)	





CMIP5 precipitation response to CO2 similar to that of CMIP3	



Vecchi et al. (2012, in prep.)	





Resolution (computer power) can help represent 
processes and phenomena	



Medium���
resolution ���
(CM2.1)	



High ���
resolution	


(CM2.5)	



c.f. Sarah Kapnick’s talk	



Precipitation	

 Ocean temp.	





Resolution: response of precipitation to CO2 can show 
big differences in regional scale, but not global	



“Wet get wetter, dry drier”	



Delworth et al. (2012, J. Clim.)	





Non-greenhouse forcing	





New 21st Century Scenarios include big aerosol forcing, 
many new models have more ways to respond to aerosols	



Vecchi et al. (2012, in prep.)	



Projected pollution 
controls: reduced 
aerosols	



2100 CO2 ���
~1.2x1990	



2100 CO2 ���
~4x1990	





Response to aerosol changes seen in precipitation 
projections for 21st century in CMIP5 models	



Vecchi et al. (2012, in prep.)	



Response to CO2 increase	

 RCP2.6: Small CO2 increase���
& large aerosol decrease	



Jun-Nov averages	


left at CO2 doubling	



right 2051-2070 	





Projected precipitation change can differ substantially from 
CO2 alone, “pattern scaling” does not hold	



CO2 shows transient response at doubling	


Projections show 2081-2100 minus 1986-2005	



Vecchi et al. (2012, in prep.)	



No Δaerosol	



Big Δaerosol	



Med. Δaerosol	





CO2 and aerosols influential on hydrological changes – 
and their uncertainties	



Knowledge of 
past forcing	



Knowledge of 
near-term 

future forcing	



Knowledge of 
century-scale 
future forcing	



Understanding
& Ability to 

Model Impact	



CO2	

 Good	


Decent	



(large inertia)	



Medium-Low 
(human 

choices matter, 
biology, etc.)	



Medium on 
large-scale	



Medium-Low 
on local scale	



Aerosols	



Low (not well 
mixed in 

space, many 
timescales, 

many types)	



Low (human 
choices 

matter ; don’t 
understand all 

processes)	



Low (human 
choices 

matter ; don’t 
understand all 

processes)	



Low (don’t 
understand all 

processes, 
processes 

occur across 
many scales)	



These are my interpretations of current “state of science”, qualitative 	
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